Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been implicated in the induction and prolongation of a variety of psychiatric disorders. As such, much effort has been made to understand the molecular mechanisms involved in its control. However, the vast majority of the studies on the HPA axis have used adult animals, and among these the majority has used males. Here we show that in knockout mice lacking the guanine nucleotide exchange factor, RasGRF1, habituation to 30 min/day of restraint stress is markedly accelerated, such that these mice do not display elevated corticosterone levels or enhanced locomotion after 7 days of stress exposure, like WT mice do. Strikingly, this phenotype is present in early-adolescent female RasGRF1 knockout mice, but not in their early-adolescent male, mid-adolescent female, adult female or adult male counterparts. Moreover, not only is there a clear response to restraint stress in early-adolescent female RasGRF1 knockout mice, their response after one, three and five exposures is magnified approximately threefold compared to WT mice. These findings imply that distinct mechanisms exist to regulate the HPA axis in early-adolescent females that involves RasGRF1. A full understanding of how RasGRF1 controls the HPA axis response to stress may be required to design effective strategies to combat stress-associated psychiatric disorders initiated in young females.
Introduction
The hypothalamic-pituitary-adrenal (HPA) axis plays a vital role in restoring homeostasis following environmental challenge. Physical or psychological stress results in cortisol production in humans or corticosterone (CORT) in rodents that alters a variety of adaptive animal responses. When stress is sensed, PVN cells of the hypothalamus release corticotrophin-releasing hormone by circulating CORT that changes gene expressions in key brain regions. These include direct effects on hypothalamic PVN cells and indirect effects through the hippocampus and the medial prefrontal cortex (mPFC) that suppress CRH release by activating inhibitory neurons that contact PVN cells. In contrast, positive feedback occurs via the amygdala (Jankord & Herman 2008) . In humans, HPA hyper-reactivity is linked to vulnerability to stress and heightened risk for depression and anxiety disorders (O'Keane et al. 2012) . Moreover, excessive suppression of the HPA axis is associated with the development of post-traumatic stress disorder (PTSD; Handwerger 2009) .
A key aspect of HPA axis response to stress is that it habituates after multiple similar exposures, which leads to decreased CORT response (Grissom & Bhatnagar 2009 ). It is a key mechanism for preventing damaging effects of continuous high levels of glucocorticoids, and it is possible that the transition to stress-induced pathology may involve a breakdown in habituation. The rate of habituation is inversely proportional to severity of the stressor (Grissom & Bhatnagar 2009 ). Moreover, the rate of habituation can be regulated by the environment, such as changing context. Habituation is not a reversion to normal because it involves long-term changes to CNS circuits and is reversible in time (Grissom & Bhatnagar 2009 ). The neural mechanisms involved in habituation appear to involve the sensory cortex and the limbic system, including the mPFC (Weinberg et al. 2010) , basal amygdala (Grissom & Bhatnagar 2011) , and paraventricular thalamus (Bhatnagar et al. 2002) , but the molecular mechanisms in each tissue and whether this is the case in adolescent females remain obscure.
The majority of preclinical studies designed to understand the regulation of the HPA axis response to stress have involved adult animals and in most cases have used males. This is a weakness, because treatments designed to overcome psychiatric disorders that involve dysregulation of the HPA axis based on these studies may not be appropriate for adolescent females if the fundamental mechanisms of the HPA axis regulation are different in these populations. Many differences have already been observed in the way both female (McCormick et al. 2008 , 2010 , Goel et al. 2014 ) and adolescent populations , Andersen & Teicher 2008 , Romeo 2010 , Barha et al. 2011 , Burke & Miczek 2014 , Hall & Romeo 2014 respond to stress and to treatments designed for psychiatric disorders thought to be associated with defective HPA axis function, but differences in the biochemical pathways in key brain regions involved in the control of the HPA axis response to stress and habitation to it specifically in adolescent females are poorly understood.
p140-RasGRF1(GRF1) and p130-RasGRF2(GRF2) constitute a family of calcium-activated exchange factors for both Ras and Rac GTPases that are expressed in CNS neurons but not glia (Feig 2011) . Both proteins mediate the action of NMDA-type glutamate receptors, but in opposite ways in the CA1 hippocampus. GRF2 mediates long-term potentiation (LTP), while GRF1 mediates long-term depression (Li et al. 2006) . GRF1 can also induce LTP in the CA1 when it is mediated by calcium-permeable AMPA-type glutamate receptors. This occurs via the activation of p38 Map kinase to promote contextual discrimination learning . GRF1 also induces LTP in the amygdala (Brambilla et al. 1997 ) and perirhinal cortex (Silingardi et al. 2011) , but which receptors activate GRF1 and their role in behavior in these contexts is not clear. GRF1 also contributes to survival of adult-born hippocampal neurons (Darcy et al. 2013) . GRF1 expression and function is highly age-dependent, since it plays no detectable role in hippocampal synaptic plasticity until early-adolescence and then continues to contribute throughout adulthood in both males and females (Li et al. 2006) .
Because the hippocampus is also known to regulate the HPA axis and glutamate signaling is thought to be involved (Evanson & Herman 2015) , we investigated the role of GRF1 in this process. In this manuscript, we report that GRF1 normally suppresses the HPA axis response to short-term stress and habituation to chronic stress. Remarkably, these defects are observed in early-and mid-adolescent female mice but not in older females or in males, implying that GRF1 is part of previously unknown signaling networks designed to regulate the HPA axis specifically in young females.
Materials and methods

Animals
Female and male RasGrf1 homozygous knockout (GRF1(K/K)) mice and WT littermate mice, generated as described previously (Giese et al. 2001 ) and backcrossed onto a C57BL/6j background for more than ten generations, were used in this study. Early-adolescent female and male (pn 28), mid-adolescent female (pn 35), adult female and male (pn 60) mice are used in the studies. All mice were housed in a temperature-and humiditycontroled facility on a reversed 12 h light:12 h darkness cycle with food and water ad libitum. All procedures were carried out in accordance with the Institutional Animal Care and Use Committee guidelines of Tufts University.
Restraint stress
Stressed mice were placed in plastic restrainer bags for 30 min/day up to 7 consecutive days. Restrainer bags were cut on the small end to allow the noses to poke through for air and the back of the bag was tied with a twist tie around the tail to prevent escape and movement of mice. In contrast, unstressed control mice remained in their home cage. Immediately after the last stress exposure, mice were either used in behavioral tests or decapitated for blood CORT measurements. Stress procedure was performed between 1200 and 1500 h.
CRH injections
150 mg/kg of CRH (Sigma; van Gaalen et al. 2002) or saline (Teknova, Hollister, CA, USA) solutions were injected intraperitoneally between 1000 and 1100 h. After injections, mice were kept in their home cages for 1 h and trunk blood was collected for CORT measurements.
Behavior tests
Elevated plus maze test Mice were placed in the center of a plus-shaped maze elevated 40 cm from the ground, composed of two open and two closed arms, each 35.5 cm long and 5 cm wide (Campden Instruments Ltd, Lafayette, IN, USA). General mouse activity was analyzed for 5 min and the percent time spent in the open arms was recorded using the Motor Monitor Software (Campden Instruments Ltd).
Open field test Mice were placed in a 16-by-16-inch open arena connected to an activity frame (Campden Instruments Ltd) and allowed to move under even illumination for 5 min. General locomotor activity was analyzed and total distance was recorded using the Motor Monitor Software.
Ovariectomy
Ovariectomies were performed under aseptic conditions under a magnifying lamp to increase visibility. Briefly, mice were anesthetized with ketamine and xylazine, and the ovaries were removed through two small incisions made in the dorsal body wall on each side just under the rib cage. After ligation of the blood supply to the ovary, the ovary was removed with a scalpel. The muscle wall was sutured and the skin was closed with two stainless steel wound clips. For analgesia, Buprivicaine was first splashed into the incision site prior to closing and Buprenorphine was administered subcutaneously following the completion of surgery. Animals were closely observed on heating pads until they were awake and alert and ready to be returned to their racks. All animals were closely monitored for 3 days post surgery.
Stereotactic surgery
Twenty-four-day-old GRF1(K/K) mice (the youngest we could efficiently target the CA1) were anesthetized with an i.p. injection of ketamine (100 mg/kg)/xylazine (10 mg/kg). Once anesthetized, each mouse was placed in a stereotactic frame (myNeuroLab, St Louis, MO, USA). A surgical incision was made along the midline of the head to expose the skull. Two holes were made in the skull overlying the hippocampus. Coordinates for CA1 injection into the mice: 2.5 mm posterior to Bregma, G2.5 mm lateral from the midline, 1.75 mm beneath the surface of the skull. Injections were performed with a 10 ml Hamilton syringe fitted with a custom-made blunt-ended 30-gauge needle (Hamilton, Reno, NV, USA). Each injection consisted of 1 ml of adenovirus expressing various GRF proteins (see Jin et al. (2013 Jin et al. ( , 2014 for description of viruses used and how they were generated) infused at a rate of 0.06 ml/min. An infusion pump controling the plunger on the Hamilton syringe precisely regulated the rate of injection. The needle was then left in place for 8 min prior to withdrawal from the brain.
Tissue preparation and sectioning for immunofluorescence
Seven to ten days after the stereotactic surgeries, mice were deeply anesthetized with ketamine/xylazine and transcardially perfused with 0.1 M phosphate buffer (PB) followed by 4% paraformaldehyde (PFA 4%) dissolved in PB 0.1 M. Brains were extracted and post-fixed in PFA 4% for 24 h. Brains were transferred to 30% sucrose for 48-72 h before slicing 30 mm coronal sections through the extent of the hippocampus using a cryostat. Sections were stored in cryoprotectant at K20 8C until use. Each immunohistochemical analysis was conducted from 30 mm sections spanning the hippocampus.
Immunohistochemistry
Free-floating sections were rinsed extensively in PBS with 0.25% Triton X-100 (PBS-T). Sections were blocked for 1 h at room temperature in PBS-T with 5% normal goat serum. Primary antibody, antiGRF1 (C 18) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), NueN and GFAP, were diluted in the blocking solution (1:200), incubated overnight at 4 8C, and rinsed three times for 15 min in PBS-T. The sections were then incubated for 1.5 h at RT with a mixture of Alexa 488 and Cy3-conjugated secondary antibody (1:300; Invitrogen). The stained sections were examined with a Nikon (Tokyo, Japan) fluorescence microscope and images were captured with a CCD spot camera.
CORT measurements
Stressed and control mice were decapitated and trunk blood was collected individually in 1.5 ml EDTA-coated microcentrifuge tubes (Fisher Scientific, Pittsburg, PA, USA). All blood samples were maintained on ice and centrifuged at 4800 g for 15 min at 4 8C. Plasma was separated and stored at K80 8C until analysis. CORT levels in plasma were measured using CORT EIA Kit (Enzo Life Sciences, Farmingdale, NY, USA), according to the manufacturer's instructions. The intra-assay variability ranged from 6.6 to 8.0%, inter-assay variability ranged from 7.8 to 13.1%, and mean assay sensitivity was 26.99 pg/ml. Stressed mice were decapitated immediately after the last stress exposure and none of the stressed or control mice were submitted to any behavioral tests before. All blood samples were collected during lights-on period between 1200 and 1500 h.
Statistical analysis
All the statistical analyses were performed using Prism 5 Software (GraphPad Prism Software, La Jolla, CA, USA). Student's t-tests or ANOVA were used to analyze the differences between stressed and control groups for behavioral analyses and CORT measurements. Post hoc multiple comparisons using Bonferroni's correction were performed. For all comparisons, values of P!0.05 were considered significant.
Results
Generation of a stress response in WT and RasGRF1(K/K) mice
To begin to test whether RasGRF1 (GRF1) contributes to HPA axis regulation, early-adolescent (pn 28) and adult (pn 60), WT and GRF1(K/K) mice were submitted daily to 30 min restraint stress for 7 days. One indication of a chronic stress response in mice is a decrease in weight gain throughout stress exposure. Weights of all the animals were measured daily for 7 consecutive days and weight gain over 7 days was calculated. Early-adolescent female (Fig. 1A ), adult female (Fig. 1B) , and early-adolescent male (Fig. 1C ) WT and GRF1(K/K) mice all exhibited a similar decrease in weight gain after 7 days of restraint stress compared to unstressed controls (Fig. 1A , B and C) indicating that they all experienced restraint stress similarly. GRF1(K/K) males appeared to respond more strongly to this paradigm but as shown below they showed no HPA axis abnormalities.
Early-adolescent female GRF1(K/K) mice have a blocked HPA response to chronic restraint stress
To test for HPA axis response to this stress paradigm, immediately after the last of 7 daily 30 min/day restraint stress exposures on a new set of animals, trunk blood CORT levels were measured. We began with earlyadolescent animals because this is the time when GRF proteins begin to contribute to synaptic plasticity (Li et al. 2006) . We also began our studies with females. As expected, CORT levels rose approximately three-fold in early-adolescent female WT mice ( Fig. 2A, left panel) . Strikingly, although baseline CORT levels in earlyadolescent female GRF1(K/K) mice were similar to their WT counterparts, the stress-induced increase in CORT observed in WT mice was completely blocked in GRF1(K/K) mice ( Fig. 2A , right panel).
To determine whether this altered HPA axis output in GRF1(K/K) mice was reflected in altered behavior, another set of early-adolescent female WT and GRF1(K/K) mice were tested for anxiety-related behavior in the elevated plus maze (EPM). While one might have assumed that the stressed mice spend less time in the open arms consistent with enhanced anxiety, we found the opposite -they spent more time. However, this is similar to results from previous studies on adolescent mice exposed to restraint stress (Fig. 2B , left panel; Toledo-Rodriguez & Sandi 2011). Although increased activity in EPM may not be due to increased HPA axis activity, the block in behavior change we find in GRF1 mice ( In the open field test (OFT), total distance traveled increased significantly in stressed adolescent female WT mice compared to the unstressed group, indicative of hyperactive behavior (Marin et al. 2007; Fig. 2C, left panel) . This could explain the increased time these mice spent in the open arms of the EPM observed in Fig. 2B , due to their hyperactivity. Similar to the EPM data, this increase in locomotor behavior was also blocked in stressed early-adolescent female GRF1(K/K) mice (Fig. 2C , right panel). These results indicate that, even though these GRF1(K/K) mice had a similar decrease in weight gain as WT mice (Fig. 1A) , they failed to mount an HPA axis response to chronic restraint stress evidenced by elevated CORT levels and enhanced locomotion.
To determine whether this defect was due to altered HPA axis function in the CNS or in the pituitary or adrenal glands, early adolescent WT and GRF1(K/K) female mice were injected intraperitoneally with CRH (150 mg/kg) or saline. One hour later trunk blood was collected for CORT measurements. CRH injection lead to an w2.5-fold increase in CORT levels in both WT mice (Fig. 2D , left panel) and GRF1(K/K) mice (Fig. 2D, right panel) . Next, GRF1(K/K) mice were exposed to 6 days of restraint stress and instead of subjecting to them to the seventh exposure, CRH was injected. Even though these mice do not display elevated CORT levels when subjected to a seventh restraint stress exposure, they did respond normally when injected with CRH (Fig. 2E) . Barring indirect effects from peripheral effects of CRH (Martins et al. 1997) , this shows that the defect in these mice is at the level of the hypothalamus or CNS regions that regulate it and not in the pituitary or adrenal gland. This conclusion is consistent with the fact that GRF1 levels are undetectable in the pituitary and adrenal glands (http://www.informatics.jax.org; McCormick et al. 2010 ).
Role of GRF1 in HPA axis response to chronic restraint stress is age-dependent To determine whether the GRF1 contribution to the HPA axis response to stress also continues through adulthood, adult (pn 60) female WT and GRF1(K/K) mice were submitted to 7 days of chronic restraint stress, and then CORT levels and anxiety-related behaviors were measured as described above.
WT adult female mice displayed an increase in CORT levels (Fig. 3A , left panel) that was similar to that observed in early-adolescent female mice ( Fig. 2A) . Remarkably, unlike their early-adolescent counterparts, stressed adult female GRF1(K/K) mice showed a rise in CORT levels similar to that found in WT mice (Fig. 3A, right panel) . Similarly, stressed adult female WT and GRF1(K/K) mice showed similar increases in distance traveled in the OFT, compared to unstressed counterparts (Fig. 3B) . Also, stressed adult female WT and GRF1(K/K) mice showed Similar suppression of weight gain in WT and GRF1(K/K) mice after 7 days of chronic restraint stress. Early-adolescent (pn 28) and adult (pn 60) WT (C) and GRF1(K/K) mice were subjected to restraint stress (30 min/day) for 7 days (S7) and total weight was then measured (pn 35) (GRF1 mice are w85% the size of WT Bl6 mice). (A) In early-adolescent females stress had a significant effect on weight gain in both WT and GRF1(K/K) mice (WTC nZ8, WTS nZ9, GRF1(K/K) C nZ8, and WTS nZ9) (F (2,30) Z20.21, P!0.0001; Bonferroni post-hoc tests for WT control vs stress, tZ2.528, P!0.05; and GRF1(K/K) control vs stress, tZ3.829, P!0.01). (B) In adult females stress had a significant effect in weight gain in both WT and GRF1(K/K) mice (nZ9 for each group) (F (2,32) Z24.46, P!0.0001; Bonferroni post-hoc tests for WT control vs stress, tZ3.093, P!0.01; and GRF1(K/K) control vs stress, tZ3.900, P!0.001). (C) In early-adolescent males stress had a significant effect in weight gain in WT and GRF1(K/K) mice (nZ5 for each group) (F (2,16) Z280.05, P!0.0001; Bonferroni post-hoc tests for WT control vs stress tZ8.445, P!0.001; and GRF1(K/K) control vs stress tZ15.22, P!0.001). *, P!0.05; **, P!0.01; ***, P!0.001. comparable increases in the time they spent in the open arms of the EPM (Fig. 3C) .
To better define the developmental period when the HPA axis becomes independent of GRF1, we repeated the experiments described above with mice during midadolescence (pn 35) such that the CORT measurements were performed 7 days later (pn 42). Remarkably, these mid-adolescent female GRF1(K/K) mice displayed a CORT response to 7 days of restraint stress that was comparable to that of WT mice (Fig. 3D) . Thus, the HPA axis in female mice transitions from GRF1-dependent to GRF1-independent during a w1-week period when mice transition from early-to mid-adolescence.
The time period between early-adolescence and mid-adolescence when HPA axis becomes independent of GRF1 is when C57Bl/6j mice enter puberty. To determine if the rise in estrogen after puberty is the cause of the independence from GRF1, early-adolescent GRF1(K/K) females were ovariectomized (OVX) and submitted to 7 days of restraint stress when they reach 2 months of age. Figure 3E shows that OVX-GRF1(K/K) mice display similar basal CORT levels as non-OVX counterparts and a similar increase in CORT response to 7 days of restraint stress. Thus, the change from GRF1 dependence before puberty to GRF1 independence in adulthood is due to some developmental process not dependent upon elevated levels of estrogen that begins during puberty.
Role of GRF1 in HPA axis response to chronic restraint stress is sex-dependent To determine whether GRF1 also contributes to HPA axis response to chronic restraint stress in males, Failure of early-adolescent female GRF1(K/K) mice to generate a stress response after 7 days of chronic restraint stress. Early-adolescent female WT (C) and GRF1(K/K) mice (pn 28) were subjected to 7 days of chronic restraint stress. Circulating CORT levels were measured or mice were submitted to several behavioral assays for evaluation of anxiety-like phenotype and locomotor behaviors on pn 35. (A) WT mice displayed an increase in CORT levels after stress exposure compared to unstressed counterparts whereas GRF1(K/K) mice displayed blocked CORT response (nZ6 in each group) (F (2,20) (E) Early-adolescent GRF1(K/K) females were submitted to 6 days of restraint stress and on day 7 one dose (150 mg/kg) of CRH was injected to determine CORT levels. Secreted CORT was increased significantly in GRF1(K/K) mice (SAL nZ3 and CRH nZ5) (t 6 Z2.603, PZ0.0405). *, P!0.05; **, P!0.01; ***, P!0.001.
early-adolescent and adult male WT and GRF1(K/K) mice were submitted to 7 days of 30 min/day restraint stress. Like their female counterparts, WT male mice displayed a large increase in CORT levels after the seventh exposure to stress (Fig. 4A, left panel) . In contrast to their female counterparts, early-adolescent male GRF1(K/K) mice displayed a CORT response similar to WT mice (Fig. 4A, right panel) . Adult male GRF1(K/K) mice also showed a normal CORT response (Fig. 4B) . Thus, not only is the role of GRF1 in regulating the HPA axis age-dependent, it is also sexdependent, such that it represents a distinct regulator only in early-adolescent females. Similar behavior studies were performed on early-adolescent and adult male mice; however, no differences in behavior were detected even in stressed WT groups (data not shown).
Enhanced short-term HPA response to restraint stress specifically in early-to mid-adolescent female GRF1(K/K) mice
To determine whether the results observed after chronic restraint stress are due to the fact that early-adolescent female GRF1(K/K) mice have a completely defective HPA axis, these mice were tested for an acute stress response by measuring CORT levels immediately after a single 30 min exposure to restraint stress. Figure 5A , S1 shows this is not the case. While early-adolescent female WT mice displayed a approximately twofold increase in CORT levels after acute restraint stress, their GRF1(K/K) counterparts actually showed an enhanced CORT response reaching a approximately fourfold rise. Thus, not only do GRF1(K/K) mice have a functional acute response to restraint stress, it is magnified. and stress nZ3) and GRF1(K/K) (control nZ5 and stress nZ5) females displayed a significant increase in circulating CORT levels compared to their unstressed counterparts (F (2,14) Z117.8, P!0.0001; Bonferroni post-hoc tests for WT control vs stress, tZ6.709, P!0.001; and GRF1(K/K) control vs stress, tZ8.831, P!0.001). (E) Ovariectomy of GRF1(K/K) females did not alter the basal CORT levels and CORT response after chronic stress, nZ3 for each group (t 4 Z4.939, PZ0.0078). *, P!0.05; **, P!0.01; ***, P!0.001.
To better understand the transition in the role of GRF1 from normally suppressing the HPA response after one stress exposure to promoting it after seven stress exposures, the consequences of exposure numbers in between were determined. Figure 5A shows that WT mice maintained elevated CORT levels (approximately twofold) after 3 (S3), 5 (S5) and 7 (S7) days of daily exposures to 30 min/day restraint stress (the level at day 7 appears slightly higher but it is not statistically different). This finding is consistent with a previous study showing that mice do not habituate to 30 min/day of restraint stress for at least 10 days (Rademacher et al. 2008) . In contrast, early-adolescent female GRF1(K/K) mice displayed an even more-magnified CORT response (approximately six-fold) compared to non-stressed mice after 3 days of restraint stress (S3). However, the mice became less responsive (approximately fivefold) after 5 exposures (S5) and no longer responded after 7 exposures (S7) as described in Fig. 1 above. These results show that earlyadolescent GRF1(K/K) females can, in fact, respond to restraint stress, but that they habituate to it more rapidly than WT mice. This set of experiments was then repeated on adult female, early-adolescent male, and adult male mice to reveal whether defective responses of GRF1(K/K) mice to fewer exposures to restraint stress are also female and early-adolescence specific. Figure 5B , C and D shows that this is the case because the responses of both of these sets of GRF1(K/K) mice at the maximum and minimum time points were similar to WT mice. However, we can't eliminate the possibility that these mice show enhanced CORT response for a short-time period between these points. Interestingly, when mid-adolescent mice (pn 35) Normal chronic restraint stress response in early-adolescent male and adult male GRF1(K/K) mice. Mice were submitted to 7 days of chronic restraint stress (S7) and CORT levels were then measured. (A) Early-adolescent male WT mice showed significantly increased CORT levels upon stress exposure compared to unstressed counterparts (WT control nZ5 and stress nZ2). A similar increase was observed with stressed early-adolescent male GRF1(K/K) males (GRF1(K/K) control nZ5 and stress nZ5) (F (2,13) Z120.6, P!0.0001; Bonferroni post-hoc tests for WT control vs stress, tZ7.057, P!0.001; and GRF1(K/K) control vs stress, tZ6.732, P!0.001). (B) Adult male WT (control nZ3 and stress nZ4) and GRF1(K/K) (control nZ4 and stress nZ3) males displayed a similar increase in CORT levels after 7 days of stress exposure compared to unstressed counterparts (F (2,10) Z15.95, PZ0.0025; Bonferroni post-hoc tests for WT control vs stress, tZ2.831, P!0.05; and GRF1(K/K) control vs stress, tZ2.816, P!0.05). *, P!0.05; ***, P!0.001. WT GRF1KO
WT GRF1KO
Figure 5
Enhanced short-term restraint stress response specifically in early-to midadolescent female GRF1(K/K) mice. (A) Early-adolescent female WT (C); and GRF1(K/K) mice were submitted to 1, 3, 5, and 7 days of restraint stress (S1, S3, S5, and S7) (30-min/day) and then CORT levels were determined. GRF1(K/K) mice displayed enhanced short-term stress response compared to WT mice until day 5 followed by a blocked response at day 7 (WT C nZ9, S1 nZ8, S3 nZ9, S5 nZ3, S7 nZ6 and GRF1(K/K) C nZ9, S1 nZ7, S3 nZ10, S5 nZ3, S7 nZ6) (F (2,60) Z17.80, P!0.001; Bonferroni post-hoc tests for WT vs GRF1(K/K), C tZ1.05, PO0.05; S1 tZ2.789, P!0.05; S3 tZ7.445, P!0.001, S5 tZ2.523, PO0.05, S7 tZ3.319, P!0.01). (B) Adult GRF1(K/K) females displayed normal short-term restraint stress response compared to WT counterparts (WT C nZ6, S3Z3, S7Z4 and GRF1(K/K) C nZ6, S3 nZ3, S7 nZ5) (F (2,21) Z0.370, PZ0.5475; Bonferroni post-hoc tests WT vs GRF1(K/K), C tZ0.520, PO0.05; S3 tZ1.117, PO0.05; S7 tZ0.710, PO0.05).
(C) Early-adolescent GRF1(K/K) males displayed normal short-term restraint stress response compared to their WT counterparts (WT C nZ5, S3 nZ3, S7 nZ2 and GRF1(K/K) C nZ5, S3 nZ4, S7 nZ5) (F (2,18) Z2.733, PZ0.1156; Bonferroni post-hoc tests for WT vs GRF1(K/K) C, tZ0.914, PO0.05; S3 tZ2.574, PO0.05; S7 tZ0.477, PO0.05). (D) Adult GRF1(K/K) males also displayed normal short-term restraint stress response on day 3 of restraint stress exposure compared to their WT counterparts (WT C nZ3, S3 nZ2, S7 nZ4 and GRF1(K/K) C nZ4, S3 nZ3, S7 nZ3) (F (2,13) Z0.4732, PZ0.5036; Bonferroni post-hoc tests for WT vs GRF1(K/K) C, tZ0.4997, PO0.05; S3, tZ0.2393, PO0.05; S7 tZ0.4880, PO0.05). (E) Mid-adolescent (pn 35) WT and GRF1(K/K) females were exposed to 3 and 7 days of restraint stress. Both displayed normal stress behavior on day 7 (pn 42). However, on day 3, in mid-adolescence, GRF1(K/K) mice showed enhanced stress response (WT C nZ7, S3 nZ5, S7 nZ3 and GRF1(K/K) C nZ7, S3 nZ5, S7 nZ5) (F (2,26) Z20.32, PZ0.001; Bonferroni post-hoc tests for WT vs GRF1(K/K) C, tZ1.11, PO0.05; S3 tZ4.766, P!0.001; S7 tZ1.874, PO0.05). *, P!0.05; **, P!0.01; ***, P!0.001.
were tested after 3 and 7 days of restraint stress, no significant difference between WT and GRF1(K/K) mice was observed on day 7 (Fig. 5E) . They still showed an enhanced response at 3-days of stress in GRF1(K/K) mice, which might indicate that the transition from GRF1-dependent to GRF1 independent HPA axis in females occurs between 38 and 42 days of age. These findings also show that an exaggerated CORT response after 3 days of stress does not necessarily lead to suppressed CORT response after 7 days (see Fig. 5 ).
GRF1 function in the hippocampus is responsible for its regulation of the HPA axis response to short-term restraint stress
Because GRF1(K/K) mice display enhanced HPA axis response to short-term stress, we hypothesized that it normally contributes to a negative feedback mechanism that is defective in these mice. Since the hippocampus is one of the key regulators of this mechanism and our lab showed previously that GRF1 regulates synaptic plasticity there, we focused first on the hippocampus. We previously published (Jin et al. 2014 ) that we can reconstitute all of the known synaptic plasticity functions of GRF1 in GRF1(K/K) mice by stereotactic injection of adenoviruses expressing GRF1 into the CA1 region of the hippocampus. We also described a GRF1 mutant, (PCQ 2 )GRF1, that expresses at the same level as WT GRF1 but has none of the synaptic plasticity functions of GRF1 (see Fig. 1 and Table  1 from Jin et al. (2014) ). Thus, we infected the ventral CA1 of GRF1(K/K) mice with virus expressing either WT GRF1 (GRF1-AV) or inactive GRF1 (PCQ 2 )GRF1 and waited for 7 days, a period we showed previously allowed both forms of GRF1 to restore GRF1 expression to levels found in WT mice (Jin et al. 2014) . After expression, co-staining of GRF with either the neuronal marker, NeuN, or glia marker, GFAP, showed that GRF proteins were found overwhelmingly in neurons, not glia, consistent with the neuronspecific synapsin promoter used in these experiments and the known localization of endogenous GRF proteins (Zippel et al. 1997 ; data not shown). Then, the injected mice were exposed to 3 days of restraint stress and CORT levels were measured. Figure 6A , B and C shows that the GRF1 proteins expressed as expected. Importantly, Fig. 6D shows that CORT levels in GRF1(K/K) mice reconstituted with a catalytically dead GRF1 mutant (second bar) were super-elevated to a level comparable to those found in uninjected stressed GRF1(K/K) mice (first bar, also see Fig. 5A, S3 ). However, stressed GRF1(K/K) mice reconstituted with functional GRF1 (third bar) displayed a CORT response that was back to that found in stressed WT mice (fourth bar). These findings show that the CA1 hippocampus is the main site where GRF1 regulates the HPA axis response to short-term stress.
Discussion
The Ras and Rac GTPase-activator, GRF1, has been studied extensively in adult mice in the context of its role in controlling glutamate receptor-induced synaptic plasticity in the hippocampus, amygdala, and perirhinal cortex, all of which contribute to learning and memory and dopamine signaling in the striatum that influences L-DOPA induced dyskinesia (Feig 2011) . Here, we demonstrate a new function for GRF1 as a regulator of the HPA axis response to stress specifically in early-to midadolescent females. In particular, early-adolescent female GRF1(K/K) mice, but not their early-adolescent male, adult male, mid-adolescent, or adult female counterparts, display defective HPA response after chronic restraint stress. After up to three episodes of 30 min of daily restraint stress, these GRF1(K/K) mice show a magnified 
Figure 6
Restoration of GRF1 expression in the ventral CA1 of GRF1(K/K) mice corrects the defective HPA response to short-term stress. GRF1 staining of the CA1 hippocampus from (A) uninjected pn 24 female GRF1(K/K) mice, or comparable mice stereotactically injected into the ventral CA1 with (B) (PCQ) 2 GRF1-AV, or (C) GRF1-AV. Seven days after injection (shown previously to allow expression of exogenous GRF1 and (PCQ) 2 GRF1 to levels similar to endogenous levels in WT mice (Jin et al. 2014) ), mice were submitted to 3 days of restraint stress and tissues stained for GRF1 levels.
(D) Serum CORT levels were measured and their levels in GRF1, but not (PCQ) 2 GRF1, reconstituted GRF1(K/K) mice were similar to levels found in stressed WT mice, nZ5 for each group (F (1,16) Z17.21, P!0.0001; Bonferroni post-hoc tests for (PCQ) 2 GRF1-AV vs GRF1-AV, tZ4.523, P!0.01; GRF1 vs (PCQ) 2 GRF1-AV, tZ0.2937, PO0.05; and GRF1-AV vs WT, tZ0.7564, PO0.05). **, P!0.01. A full colour version of this figure is available via http://dx.doi.org/10.1530/JOE-15-0304
CORT response. This effect is seen only through midadolescence. However, by the fifth episode the response begins to recede and by the seventh these mice no longer respond to restraint stress with elevated CORT levels or enhanced locomotion. In contrast, adult mice do not even begin to habituate to restraint stress after ten daily episodes (Rademacher et al. 2008) , and adolescents are even more resistant than adults (Goldman et al. 1973 . These findings imply that GRF1 normally functions to suppress the process of habituation to repeated restraint stress. Habituation is normally not permanent, such that after a few weeks an HPA response returns (Grissom & Bhatnagar 2009 ). Adolescent female GRF1(K/K) mice regain responsiveness to restraint stress as early as 7 days after cessation of stress exposure (data not shown). However, this also coincides with the developmental transition to mid-adolescence when female GRF1(K/K) mice show a normal habituation, so it is not possible to assign this reemergence of responsiveness to its reversal. The fact that the short-term HPA response is exaggerated in GRF1(K/K) mice raises the possibility that this drives an accelerated habituation to chronic stress. This is unlikely because it has been demonstrated that the stronger the stress response, the slower the habituation (Grissom & Bhatnagar 2009 ). Moreover, the short-term stress response in mid-adolescent females was exaggerated but the mice did not display accelerated habituation to chronic stress. Interestingly, the rate of habituation can be increased in other contexts. For example, this occurs after the second of a repeated series of stresses, by elevating the frequency of stress exposures, or by reducing stress magnitude (Grissom & Bhatnagar 2009 ). However, the biochemical mechanisms involved in how the rate of habituation is regulated have not been revealed. The results from the present study implicate GRF1 in this process, but only in young females.
The age-dependence of the role of GRF1 in HPA axis regulation is striking, as it disappears after w40 days of age, despite the fact that GRF1 continues to play a role in learning and memory throughout adulthood. The time period, between 28 days when the HPA axis is dependent upon GRF1 and 40 days when it is not, is the transition from early-through mid-adolescence when C57Bl/6j mice enter puberty. This raises the possibility that the rise in estrogen that occurs in mid-adolescence plays an active role making the HPA axis independent of GRF1. This does not seem to be the case because ovariectomy of GRF1(K/K) mice at 28 days of age did not restore the rapid habituation to 7 days restraint stress in 2-month-old mice that occurs in early-adolescent animals. Rather, hormone-independent development of specific components of the HPA axis at the onset of puberty is likely involved. Because we could not perform restraint stress on animals before weaning it remains possible that GRF1 is also involved in regulating the HPA axis in more juvenile and neonatal animals, a possibility that will require a different stress paradigm to test.
Many studies have shown that adolescent animals respond differently to stress than adults (Romeo 2010 , Romeo et al. 2013 , Panagiotakopoulos & Neigh 2014 , but distinctions between early-, mid-, and late-adolescence have not been studied in detail. Early-adolescence in mice (pn 21-34) is thought to be similar to human ages of 10-14 (Burke & Miczek 2014) . It is a period of rapid brain development and high vulnerability to excessive stress (Andersen & Teicher 2008 , Romeo 2010 . Animal and human studies have observed differences between these two developmental stages in response to specific environmental perturbations. Risk of depression upon early experience was shown to be maximal around earlyadolescence and decreases as humans age through midand late-adolescence (Andersen & Teicher 2008 ). In addition, many studies have focused on sex differences in HPA axis response to stress and to responses to treatments for psychiatric disorders. Studies have shown sex differences in the development of depressive symptoms during early-, mid-, and late-adolescence among boys and girls (Dekker et al. 2007) . And women are more likely than men to suffer from depression (Marcus et al. 2005 , Bangasser & Valentino 2014 and respond better to a certain class of antidepressants than others (Kornstein et al. 2000) . Also, studies have consistently found PTSD to be more common in women than in men, and some studies have found that women with PTSD respond more robustly to SSRI antidepressants than men (Brady & Back 2002) . However, few studies have focused specifically on adolescent females, and fewer on early-adolescent females. One example showed that upon chronic stress, adolescent female mice display blunted stress response compared to their male counterparts due in part to differential transport of GRs to the nucleus (Bourke et al. 2013) .
How and why GRF1 controls signaling pathways in cells that control the HPA axis specifically in earlyadolescent females remains to be determined. GRF1 may regulate the HPA axis through its known ability to couple NMDA and calcium-permeable glutamate receptors to both the Erk, p38 Map kinases, since various stress paradigms have been observed to alter the activities of these kinases (Cole et al. 2000 , Revest et al. 2005 , Ferland et al. 2014 .
However, to date these findings are just correlative and they were detected in adult males. Thus, GRF1 may contribute specificity to HPA axis regulation in earlyadolescent females by coupling these kinases or other downstream effectors to distinct upstream signals that allow the HPA axis of early-adolescent females to respond to unique environmental stimuli.
GRF1(K/K) mice display a complex phenotype, with an enhanced HPA axis response after short-term restraint stress, but blocked HPA axis response after chronic restraint stress. This may reflect different functions of GRF1 in multiple brain regions. In fact, we show that the magnified CORT response observed in these animals after 3 days of restraint stress is due to the loss of GRF1 in the CA1 hippocampus, a region known to play a negative role in regulating the HPA axis (Jankord & Herman 2008) . Thus, GRF1 and presumably GRF1 regulated signaling cascades represent newly identified mediators of the inhibitory role the hippocampus plays on HPA axis response to stress that is functional specifically in adolescent females.
We also showed that block in CORT response to chronic restraint stress in GRF1(K/K) mice is not due to defects in the pituitary or adrenal gland function but to components of the HPA axis in the CNS. It could be due to GRF1 loss in dentate gyrus of the hippocampus, the PVN, mPFC, and/or the amygdala because all have been reported to play a positive role in promoting habituation (Herman 2013) . However, all of the studies identifying the roles of specific brain regions in regulating the HPA axis used adult males, so that novel regions may be involved in early-adolescent females. To test these ideas, the consequence of restoring GRF1 or knocking it out in specific brain regions needs to be investigated, a process that is now underway.
Overall, these findings reveal that the HPA axis in earlyand mid-adolescent females is regulated by a distinct mechanism. In addition, these findings highlight the idea that young females may respond to stressful environments as well as to treatments for stress-induced psychiatric disorders involving the HPA axis in unique ways.
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